Several studies in rodents suggest that there are sex differences in response to cocaine that are related to fluctuations in the ovarian hormones of females. Female rhesus monkeys have menstrual cycles that are remarkably similar to human menstrual cycles in both duration and hormonal variations. Therefore, data obtained in monkeys should be an ideal model for assessing the effects of cocaine across the menstrual cycle in humans. The present study assessed the acute effects of intravenous cocaine (0, 0.25, 0.50, and 1.00 mg/kg) in five female rhesus monkeys during four phases of the menstrual cycle: menses, midfollicular, periovulatory, and midluteal. To reduce the effects of stress that can occur from sedation, all animals were trained to enter primate chairs so that repeated blood samples could be obtained in awake animals. Hormone levels for estradiol and progesterone were measured each session before cocaine administration. Cocaine and cocaine metabolite plasma levels were measured at 5, 15, 30, 45, 60, and 90 min after cocaine administration. Similarly, levels of luteinizing hormone (LH) were measured before, 15, 30, 45, 60, and 90 min after cocaine administration. Within 5 min of cocaine administration, cocaine plasma levels peaked and dose-dependent behavioral changes (ie increased motor activity, mydriasis, and refusal of treats) were observed. These effects typically resolved in 15-30 min. There were few differences in the pharmacokinetic profile of cocaine across the menstrual cycle. However, the cocaine metabolites, BZE and EME, did vary across the menstrual cycle, with both being increased in the luteal phase, particularly following the highest dose of cocaine. In addition, unlike previous studies, cocaine did not produce consistent increases in LH levels. Rather, the change in LH levels depended on menstrual cycle phase and cocaine dose. In summary, there is little evidence that the pharmacokinetics of cocaine vary as a function of menstrual cycle phase.
INTRODUCTION
Numerous preclinical studies have documented that female rodents are more sensitive than male rodents to several behavioral effects of stimulant administration (eg Roberts et al, 1989; Sell et al, 2000) , and these differences appear to be related to fluctuations in the ovarian hormone levels of females (eg Roberts et al, 1987; Grimm and See, 1997; Quiñones-Jenab et al, 1999 ; also see review by Lynch et al, 2002) . For example, during estrus, female rats (1) have higher progressive ratio breakpoints for cocaine selfadministration (Roberts et al, 1989; Hecht et al, 1999) ; (2) show greater disruptions in the regulation of cocaine selfadministration (Lynch et al, 2000) ; and (3) select the highest cocaine dose (Lynch et al, 2000) . Sex differences in humans following cocaine administration have generally been more subtle (eg Kosten et al, 1996; Lukas et al, 1996; Evans et al, 1999; Sofuoglu et al, 1999) . However, in one study in humans (Haney et al, 1998) , females had a higher progressive ratio breakpoint for the highest dose of i.v. cocaine than males. Further, several studies have shown that ratings such as 'High' are increased more during the follicular phase than the luteal phase in women after stimulant administration (Justice and de Wit, 1999; Sofuoglu et al, 1999; Evans et al, 2002) . Taken together, these data indicate that there are sex differences in the behavioral response to stimulants, and that these differences are related to ovarian hormone levels.
Given the increasing evidence that there are sex differences in response to cocaine, and that these differences might be related to changes in ovarian hormone levels, it is crucial to determine if these differences are related to (1) pharmacokinetic differences across the menstrual cycle and/or (2) pharmacokinetic differences between males and females. Although several studies have attempted to address this question in humans, the results have been inconsistent. For instance, no differences in cocaine plasma levels were observed between men and women following a single dose of intranasal cocaine (Kosten et al, 1996) . In another study (Evans et al, 1999) , women had higher cocaine plasma levels than men after smoking six doses of 50 mg cocaine, but this was most likely due to the fact that women weighed less than men and dosing was not adjusted based on body weight. While Lukas et al (1996) found that men had higher cocaine plasma levels than women and women had higher cocaine plasma levels during the follicular phase compared to the luteal phase following a single dose of 0.9 mg/kg intranasal cocaine, other studies have not supported these findings. For instance, Sofuoglu et al (1999) showed no sex or menstrual cycle phase differences in cocaine plasma levels following a single dose (0.4 mg/kg) of smoked cocaine. Similarly, following a range of repeated doses of smoked cocaine (Evans et al, 2002) in women, there were no differences in cocaine plasma levels between the follicular and the midluteal phases of the menstrual cycle. Lastly, the only pharmacokinetic difference found following a single dose of either 0.2 or 0.4 mg/kg i.v. cocaine was that cocaine plasma levels after 0.4 mg/kg cocaine peaked faster in follicular phase women compared to luteal phase women and men (Mendelson et al, 1999b) . Taken together, the limited data in humans suggest that there are minimal differences in cocaine pharmacokinetics between men and women, or between the follicular and luteal phases of the menstrual cycle in women. Unfortunately, there are several limitations with the cocaine pharmacokinetic data collected in these studies, including differences in the route of administration, the limited number of doses tested, and not all studies tested the same women across the menstrual cycle. Also, with the exception of one study (Mendelson et al, 1999b) , a full time course was not captured to assess the pharmacokinetic profile of cocaine.
Clearly, collecting cocaine pharmacokinetic data across a range of doses at precise phases of the menstrual cycle in humans is quite time consuming and difficult. In contrast to the rodent estrous cycle, the female rhesus monkey is an ideal model for assessing the effects of cocaine across the menstrual cycle because they have a menstrual cycle almost identical in length and hormonal fluctuation to that of humans. Three studies assessed the pharmacokinetic and behavioral effects of i.v. cocaine in male and female rhesus monkeys (Misra et al, 1977; Saady et al, 1994 Saady et al, , 1995 , but they did not directly compare males and females and did not control for menstrual cycle phase. Mello, Mendelson and co-workers have conducted a series of elegant studies investigating the effects of cocaine on gonadal and pituitary hormones in rhesus monkeys. For instance, they have demonstrated that acute doses of i.v. cocaine (0.4 and 0.8 mg/kg) increase LH plasma levels and decrease prolactin levels in female monkeys during the early follicular phase (Mello et al, 1990a) . While no differences in cocaine plasma levels were reported between males and females (Mello et al, 1993) , cocaine plasma levels were only measured at a single time point (10 min after the injection) and direct comparisons were not made between follicular (Mello et al, 1990b) and luteal phase females (Mello et al, 1993) . The only pharmacokinetic difference between males and midfollicular females following 0.8 mg/kg i.v. cocaine was that females had lower cocaine plasma levels 10 min after the injection, although there were no differences in peak cocaine plasma levels, time to peak, or half-life (Mendelson et al, 1999a) . In a subsequent study (Mello et al, 2000) , midfollicular phase females were directly compared to midluteal phase females following a single i.v. dose (0.8 mg/kg) of cocaine and no differences in peak cocaine plasma levels or time to peak were observed. Lastly, a recent study compared the effects of repeated doses of i.v. cocaine (0.4 and 0.8 mg/kg) in male and female monkeys and again found no differences in peak cocaine plasma levels between males and females, although the time to peak was slightly longer for females than males. In that study, normally cycling females were tested in the midfollicular phase, but not all of the females tested were normally cycling.
Based on the limited data available in both monkeys and humans, there appear to be minimal differences in the pharmacokinetics of cocaine across the menstrual cycle. However, the studies that have been conducted in monkeys have some of the same limitations as the human studies, making it difficult to definitively conclude that there are no differences in cocaine plasma levels across the menstrual cycle. Thus, the present study was designed to extend previous research conducted in female monkeys by testing a range of i.v. cocaine doses at four distinct phases of the menstrual cycle using a within-subject design. Further, in the present study, cocaine metabolite levels, specifically benzoylecgonine (BZE) and ecgonine methyl ester (EME), were also measured. Lastly, since most previous studies have reported that cocaine administration increases LH plasma levels in human and non-human primates (see review by , LH levels were measured before and after cocaine administration.
METHODS

Animals
Five adult experimentally naive female rhesus monkeys (Macaca mulatta), weighing between 5.8 and 9.4 kg, lived under the housing conditions described below for the 8-month duration of this experiment. Each monkey received a daily chow ration designed to maintain a stable body weight (4-10 High protein monkey diet #5047 chow, 15 g/chow, 3.37 kcal/g; LabDiets s , PMI Feeds, Inc, St Louis, MO), chewable vitamins, and a piece of fruit daily. Body weights, determined weekly, remained stable throughout the study. Each monkey had access to two identically sized chambers (61.5 cm wide Â 66.5 cm deep Â 88 cm high; Hazleton Systems, Inc., Aberdeen, MD) connected by 40 cm Â 40 cm openings. The sides of the chambers are slotted for a solid panel that prevents movement from one chamber to the next. These partitions were inserted when it was necessary to confine a monkey to one chamber (eg cage cleaning, TB testing). Water was freely available from spouts located on the back wall of both chambers. The room lights were illuminated from 0700 to 1900. The menstrual cycle of each monkey was monitored daily by recording the onset and duration of menstrual bleeding. All aspects of animal maintenance and experimental procedures complied with the US National Institutes of Health Guide for Care and Use of Laboratory Animals, and were approved by the New York State Psychiatric Institute Animal Care and Use Committee. The health of the monkeys was routinely monitored by the investigators and a veterinarian.
As acute placement of female rhesus monkeys in primate chairs during the follicular phase increases cortisol and adrenocorticotropin hormone (ACTH) release and decreases pulsatile LH release (Norman et al, 1994) , female monkeys were acclimated to daily chair restraint and received their daily fruit and vitamin ration while in a chair at the same time each day. Using two technicians, a pole and collar system was used to guide the monkeys out of the chamber and into the chair. Once monkeys were seated in the chair, their feet were placed into open-toed shoes mounted on the foot bars in order to secure the feet and legs for repeated blood sampling. All monkeys were acclimated to this procedure 4-5 days each week for 1-2 menstrual cycles before the study started. To reduce associating chair restraint with experimental sessions, throughout the study monkeys were chair restrained two additional days each week when they received treats, but did not have blood drawn.
Cocaine Administration and Sample Collection
The acute pharmacokinetic effects of various doses of cocaine were tested across the four phases of the menstrual cycle. Each session lasted approximately 2 h and began at 0930. A 21-gauge butterfly cannula (Vacutainer s Brand blood collection set; Becton Dickinson, Franklin Lakes, NJ) was inserted into a saphenous vein in one leg and secured with tape for repeated blood collection. After obtaining a baseline blood sample for EST, PROG, and LH plasma levels through a butterfly cannula in one leg, monkeys received a single dose of cocaine (0, 0.25, 0.50, or 1.00 mg/kg) administered in a 0.5 ml volume over 10 s through a butterfly cannula in the alternate leg (plasma for determination of cocaine levels cannot be taken from the same vein used to administer cocaine), followed by a 1.0 ml saline flush. Cocaine and metabolite levels were determined 5, 15, 30, 45, 60, and 90 min after the cocaine injection. LH levels were determined before and 15, 30, 45, 60, and 90 min after the cocaine injection. Between each blood sample, saline was periodically flushed into the i.v. line to maintain patency and immediately before each sample, 0.5 ml of blood was withdrawn from the i.v. line and discarded. Over the course of an entire session, a total of 16 ml of blood was drawn. Because of the number of doses tested in the present study and the number of menstrual cycle phases tested, we did not collect samples beyond 90 min and did not also assay other hormones such as cortisol and prolactin.
Each female monkey was tested at two to three cycle phases each month to obtain a complete dose-response function at each cycle phase, that is, three cocaine doses and placebo were tested at each of four cycle phases for a total of 16 test sessions per female monkey. The menstrual and follicular phases of the menstrual cycle were defined based on the onset of menstrual bleeding, with menstrual sessions on days 1-5 and follicular sessions on days 6-10 after the onset of menses. For the periovulatory and luteal sessions, sessions were scheduled based on the typical length of each individual monkey's menstrual cycle. Periovulatory sessions were scheduled approximately on days 12-15 after the onset of menses, whereas luteal sessions were scheduled approximately on days 19-23 after the onset of menses. These days were later in monkeys who had menstrual cycles 428 days. While ovulation occurs shortly after a surge in LH and this is the primary indicator of when ovulation has occurred, determining LH levels on a daily basis was not possible. Moreover, LH levels in monkeys could only be assayed by the laboratory in batches every 3 months, thus it was not possible to use the LH surge as a more precise method to schedule periovulatory and luteal sessions. However, baseline estradiol and progesterone levels were used to define menstrual cycle phase and a menstrual cycle was determined as ovulatory if progesterone levels were X1.5 ng/ml during the periovulatory or luteal phases. In the event that sessions were aborted due to problematic data (eg difficulty in maintaining venous access, problematic cocaine plasma levels, anovulatory menstrual cycle), these sessions were excluded from the data analyses and repeated during another menstrual cycle.
Cocaine
Cocaine hydrochloride (provided by The National Institute on Drug Abuse) was dissolved into sterile saline for injection U.S.P., in a concentration of 5, 10, or 20 mg/ml, to allow similar injection volumes across the doses tested. Injections were administered into one of the saphenous veins of the leg in a 0.5 ml volume over 10 s, followed by 1.0 ml of sterile saline.
Plasma Cocaine and Metabolite Analyses
Venous blood samples (approximately 1 ml) for cocaine were drawn from a butterfly cannula inserted into the saphenous leg vein and placed into tubes containing potassium oxalate and sodium fluoride. Samples were immediately mixed and were centrifuged within 30 min of collection, yielding approximately 0.5 ml of plasma, and stored frozen until the time of analysis. Cocaine, BZE, and EME plasma levels were determined by the Nathan Kline Institute for Psychiatric Research (Orangeburg, NY). Cocaine, BZE, and EME were analyzed by capillary gas chromatograph-mass spectrometry using deuterated internal standards, positive chemical ionization, and simultaneous ion monitoring. The assay sensitivity is 1 ng/ml and intra-and interassay coefficients of variation are less than 6% for all compounds.
Plasma Hormone Analyses
Each experimental session, venous blood samples (2 ml at baseline, 1 ml at other time points) for estradiol and progesterone (only drawn at baseline before the cocaine injection) and LH were drawn from a butterfly cannula and placed into tubes containing SST s gel and clot activator. Samples were centrifuged within 30 min of collection, yielding approximately 0.5 ml of plasma, and stored frozen until the time of analysis. Estradiol, progesterone, and LH plasma levels were determined by Dr Michel Ferin at the College of Physicians and Surgeons of Columbia University, Department of Obstetrics and Gynecology (New York, NY). Estradiol and progesterone were measured by a commercial solid-phase, chemiluminescent immunoassay (Immulite, Diagnostic Products Co, DPC, Los Angeles, CA) validated for monkeys. Using this assay, progesterone levels X1.5 ng/ ml during the periovulatory or luteal phase indicated that the monkey had a normal ovulatory cycle. The sensitivity of estradiol is 20 pg/ml and the intra-and interassay coefficients of variation are 4.3 and 10.5, respectively. The sensitivity of progesterone is 0.2 ng/ml and the intra-and interassay coefficients of variation are 6.6 and 7.9, respectively. LH plasma levels were measured using a 5-day in-house radioimmunoassay (Xiao et al, 1994) in duplicate. Recombinant cynomolgus monkey LH was used as a standard and for iodination, and rabbit antiserum directed against recombinant cynomolgus monkey LH was used as the primary antibody. The sensitivity of LH is 0.06 ng/ml and the intra-and interassay coefficients of variation are 7.9 and 13.1, respectively. Reagents were provided by the NIH.
Data Analyses
Pharmacokinetic analyses. The pharmacokinetic measures of cocaine were determined using a noncompartmental pharmacokinetics data analysis program (PK Solutions Version 2.0, Summit Research Services, Montrose, CO). Plasma drug concentrations were fitted to a single-dose, first-order elimination phase model. For cocaine plasma levels, the peak (C max ), the estimated time to peak (T max ), and half-time (T 1/2 ; based on the volume of distribution normalized by animal weight and systemic clearance) of cocaine were calculated for each monkey and each dose.
Statistical analyses. Baseline levels of estradiol, progesterone, and LH were analyzed separately using a one factor repeated-measures analyses of variance (ANOVA) with Phase (Menses, Follicular, Periovulatory, Luteal) as the factor. To assess the time course of cocaine, BZE, and EME, these measures were analyzed separately using a three factor repeated-measures ANOVA with Phase as the first factor, Dose (0.25, 0.50, 1.00 mg/kg) as the second factor, and Time (6 time points per measure) as the third factor. For LH, since there were menstrual cycle differences in baseline levels, LH data were analyzed as percent change from baseline using a three factor repeated-measures ANOVA with Phase as the first factor, Dose (including 0 mg/kg cocaine) as the second factor, and Time as the third factor. For the other pharmacokinetic measures described above, each one was analyzed separately using a two factor repeated-measures ANOVA with Phase as the first factor and Dose as the second factor.
For all analyses, results were considered statistically significant if po0.05, using Huynh-Feldt corrections where appropriate.
RESULTS
All five female monkeys had normal ovulatory menstrual cycles ranging in length from 21 to 34 days (mean of 29.2 days). Table 1 shows the mean plasma levels of estradiol, progesterone, and LH (measured at baseline each session) at each phase of the menstrual cycle. Plasma levels of estradiol were significantly higher in the follicular phase compared to the other three phases (p'so0.001), whereas plasma levels of progesterone were significantly higher in the periovulatory and luteal phases compared to the menstrual and follicular phases (p'so0.01). In addition, baseline plasma levels of LH were highest during the periovulatory phase and this was significantly different compared to the menstrual phase (po0.03).
Although no structured behavioral ratings were conducted each session, cocaine produced mydriasis, increased agitation, restlessness, and motor activity and decreased appetite as evidenced by the refusal of food treats (eg raisins, M&Ms). These effects were not observed when saline was injected. After active doses of cocaine, particularly 0.50 and 1.00 mg/kg, the onset of behavioral effects was observed within 5 min and lasted up to 30 min postinjection. Figure 1 shows cocaine plasma levels as a function of cocaine dose, time within session, and menstrual cycle phase. Cocaine plasma levels increased as a function of Dose (F(2,8) ¼ 100.48, po0.0005), decreased as a function of Time postinjection (F(5,20) ¼ 77.28, po0.0001), and there was a Dose Â Time interaction (F(10,40) ¼ 47.27, po0.0001). However, there were no differences in cocaine plasma levels as a function of menstrual cycle phase. Since plasma cocaine levels were not measured earlier than 5 min after the injection, by default, all peak cocaine levels were observed at 5 min. However, as shown in Table 2 , based on the estimated T max , cocaine plasma levels peaked between 2.5 and 4.0 min after the injection, with no significant differences based on cocaine dose or menstrual cycle phase. Table 2 also shows that peak cocaine plasma levels (C max ) significantly increased as a function of cocaine dose (F(2,8) ¼ 115.16, po0.0001), with peak levels of approximately 50, 110, and 290 ng/ml following 0.25, 0.50, and 1.00 mg/kg cocaine, respectively. However, there were no differences in peak cocaine plasma levels based on menstrual cycle phase. The half-life of cocaine (T 1/2 ) ranged between 38-49 min, with no differences based on cocaine dose or menstrual cycle phase. a Dose Â Time interaction (F(10,40) ¼ 7.34, po0.01) . Further, there was a Phase Â Time interaction (F(15,60) ¼ 3.48, po0.001). BZE plasma levels showed the greatest increases during the luteal phase, particularly following 1.00 mg/kg cocaine and the smallest increases during the periovulatory phase, particularly following 0.25 mg/kg cocaine. Figure 3 shows EME plasma levels as a function of cocaine dose, time within session, and menstrual cycle phase. EME plasma levels increased as a function of Dose (F(2,8) ¼ 150.37, po0.0001) and there was a Dose Â Time interaction (F(10,40) ¼ 7.30, po0.0001). Further, there was a Phase Â Time interaction (F(15,60) ¼ 2.48, po0.02), such that EME plasma levels showed the greatest increases during the luteal phase, particularly following 1.00 mg/kg cocaine. Figure 4 shows LH plasma levels, calculated as a percent change from baseline, as a function of cocaine dose and menstrual cycle phase. For clarity, these data were collapsed across all time points postinjection since there was no main effect of time. Overall, there was a main effect of Phase (F(3,12) ¼ 3.67, po0.05). As shown in Figure 4 , the greatest decreases in LH plasma levels relative to baseline occurred during the periovulatory phase; placebo and all doses of cocaine decreased LH plasma levels. In contrast, following 0.25 mg/kg cocaine, LH plasma levels increased slightly relative to baseline. However, following 0.50 mg/kg cocaine, LH plasma levels remained stable or decreased relative to baseline. Interestingly, following 1.00 mg/kg cocaine, LH plasma levels increased by approximately 10% relative to baseline during both the menstrual and follicular phases, whereas LH plasma levels decreased by approximately 20 and 10% during the periovulatory and luteal phases, respectively. Figure 5 presents the time course data for LH plasma levels. Following placebo (0.00 mg/kg cocaine), there were few changes in LH plasma levels as a function time or menstrual cycle phase and overall LH levels decreased relative to baseline. Following 0.25 mg/kg cocaine, LH plasma levels did increase above baseline levels at some time points for all phases tested, except for the periovulatory phase, where only a decrease was observed. Interestingly, following 0.50 mg/kg cocaine, LH levels remained relatively stable or slightly decreased across all time points and phases. The greatest changes in LH plasma levels were observed following 1.00 mg/kg cocaine, with steady increases across the session during menses and the follicular phase, but steady decreases across the session during the periovulatory and luteal phases.
DISCUSSION
To our knowledge, this is the first study to comprehensively assess the pharmacokinetics of a range of cocaine doses across the menstrual cycle in rhesus monkeys. Overall, although there were minimal differences in the pharmacokinetics of cocaine across the menstrual cycle, the levels of the cocaine metabolites BZE and EME did vary across the menstrual cycle, with both being increased in the luteal phase, particularly following the highest dose of cocaine. In addition, unlike most previous studies, cocaine did not produce consistent increases in LH levels. Rather, the Cocaine pharmacokinetics across the menstrual cycle SM Evans and RW Foltin change in LH levels depended on menstrual cycle phase and cocaine dose. Lastly, cocaine produced dose-related behavioral changes (eg mydriasis, increased agitation, decreased appetite) that are consistent with the structured behavioral ratings conducted by other studies after acute doses of i.v. cocaine in rhesus monkeys (Wilson et al, 1976; Saady et al, 1994 Saady et al, , 1995 .
Pharmacokinetics of Cocaine
Overall, there were no differences in the pharmacokinetics of cocaine across the menstrual cycle in rhesus monkeys. Based on the estimates from the pharmacokinetic analyses, cocaine plasma levels peaked between 2-4 min after the injection. However, the first cocaine sample was actually measured 5 min after the injection and the second sample was not measured until 10 min later (15 min post injection). Several previous studies in monkeys have taken more frequent cocaine blood samples within the first 10 min. Following 0.8 mg/kg i.v. cocaine, Mello et al (2000) reported that the estimated time to peak for cocaine plasma levels was slightly longer than in the present study, 7.6 and 9.5 min in midfollicular and midluteal monkeys, respectively. However, other studies in monkeys have observed peak cocaine plasma levels around 2-4 min Mendelson et al, 1999a; Zhou et al, 2001) , and as early as 1 min after i.v. cocaine (Saady et al, 1995) . In humans, the time to achieve peak cocaine plasma levels after i.v. administration (4-8 min) has been remarkably consistent across studies (Cone, 1995; Evans et al, 1996; Fischman, 1991, 1992; Javaid et al, 1978; Jeffcoat et al, 1989; Mendelson et al, 1999b; Perez-Reyes et al, 1994) , even though the rates of administration ranged from 10 s to 1 min. Despite the infrequent sampling in the present study, our findings are relatively consistent with previous studies in monkeys and humans showing that cocaine plasma levels peak rapidly following i.v. injections of cocaine.
In the present study, peak cocaine levels increased as a function of cocaine dose, but there were no differences based on menstrual cycle phase. It is difficult to compare absolute peak cocaine plasma levels across studies since the doses in the present study (0.25, 0.50, 1.00 mg/kg) do not completely correspond to those of previous studies in monkeys. In a previous study (Saady et al, 1995) , cocaine plasma levels were 296 ng/ml at 1 min and 225 ng/ml at 6 min after 1.00 mg/kg i.v. cocaine in a group of male and female monkeys; these cocaine plasma levels are similar to the present study (peak of 292 ng/ml collapsed across the four phases). Interestingly, one study (Mendelson et al, 1999a) reported that cocaine plasma levels were lower in midfollicular phase female monkeys than male monkeys 10 min after 0.8 mg/kg i.v. cocaine. However, these findings were not replicated by the same investigators when male and female monkeys were compared (Mello et al, 1993) . In humans, peak cocaine plasma levels have not differed substantially between the follicular and luteal phases of the menstrual cycle following either i.v. (Mendelson et al, 1999b) or smoked cocaine (Evans et al, 2002; Sofuoglu et al, 1999) . However, in one study (Mendelson et al, 1999b) , cocaine plasma levels tended to be lower in the luteal phase compared to the follicular phase in women following the lower dose of cocaine (0.20 mg/kg i.v.). A similar effect was observed in the present study in that cocaine plasma levels tended to be lower in the periovulatory phase following the lowest dose of cocaine (0.25 mg/kg i.v.). It is unclear why this effect was also not observed during the luteal phase. Regardless, these findings are interesting because both the periovulatory and luteal phases are characterized by elevated progesterone levels and, as mentioned earlier, the behavioral effects of cocaine and amphetamine appear to be decreased during this time (see review by Lynch et al, 2002) , particularly after low doses of cocaine (Evans et al, 2002) .
In the present study, the half-life of cocaine ranged between 36 and 49 min, with no differences based on cocaine dose or menstrual cycle phase. These results are consistent with a previous study showing that following 0.8 mg/kg i.v. cocaine, the half-life of cocaine has ranged from 43 to 60 min (Mendelson et al, 1999a) . However, a Cocaine pharmacokinetics across the menstrual cycle SM Evans and RW Foltin shorter half-life (20-24 min) has also been reported following 1.00 mg/kg i.v. cocaine (Saady et al, 1995) . Another study administered 1.00 mg/kg i.v. cocaine to two pregnant monkeys and the half-life of cocaine was around 57 min (Zhou et al, 2001 ). The half-life of cocaine does appear to be longer after repeated doses of 0.8 mg/kg compared to 0.4 mg/kg i.v. cocaine, although no differences were observed between male and female monkeys .
Pharmacokinetics of the Cocaine Metabolites BZE and EME
While many studies measure cocaine plasma levels, fewer studies measure or report plasma levels of the major cocaine metabolites (BZE and EME). In the present study, both BZE and EME plasma levels increased as a function of cocaine dose and time during the session. However, since blood samples were only collected up to 90 min after the cocaine injection, it was impossible to determine the time of peak metabolite levels. For instance, in one study conducted in two pregnant monkeys (Zhou et al, 2001) , BZE levels peaked approximately 1.7 h after 1.00 mg/kg i.v. cocaine, with a half-life of over 5 h. Saady et al (1995) reported comparable BZE plasma levels (but higher EME plasma levels), to the present study 40 min after 1.00 mg/kg i.v. cocaine in a group of male and female monkeys.
Although cocaine plasma levels did not vary across the menstrual cycle, both BZE and EME plasma levels showed the greatest increases in the luteal phase compared to the other phases, particularly following the highest dose of cocaine. In rats, BZE plasma levels varied depending on the phase of the estrous cycle in rats (Quiñones-Jenab et al, 1999) , with lower BZE plasma levels during estrus and proestrus than during metestrus/diestrus. In the normal female rat, estradiol and progesterone fluctuate over a 4-day estrous cycle, with both hormones peaking during proestrus, whereas during estrus, levels of estradiol are relatively stable and progesterone levels are minimal (Butcher et al, 1974; Smith et al, 1975) . In a subsequent study (Quiñones-Jenab et al, 2000) , ovariectomized female rats treated with estrogen and progesterone had lower BZE plasma levels than females treated with estrogen alone or progesterone alone. Unfortunately, the differences between the monkey menstrual cycle and the rat estrous cycle make comparisons difficult, but taken together the data suggest that the ratio of estradiol and progesterone levels may account for the differences in cocaine metabolite levels. Unfortunately, there are no other published studies that have reported cocaine metabolite levels in normally cycling monkeys; therefore, it is difficult to interpret or speculate on these findings.
To our knowledge, no study in humans has reported on cocaine metabolite levels as a function of menstrual cycle phase. In one study (Evans et al, 2002 ) that compared the effects of cocaine in women during the follicular and luteal phases, plasma levels of BZE and EME were analyzed, but only the cocaine plasma levels were reported. We went back and analyzed these data (unpublished results). There was a marginal Phase Â Dose interaction (po0.059), and post hoc analyses indicated that BZE plasma levels were significantly higher in the luteal phase than the follicular phase following repeated doses of 12 mg smoked cocaine. This was not observed following the highest dose of cocaine, but again, without measurements further out into the session, it is unclear if differences would have been detected. Unfortunately, in the elegant cocaine pharmacokinetic study by Mendelson et al (1999b) cocaine metabolite levels were not reported. Other studies in men have shown that BZE levels continue to rise approximately 75 min after the last cocaine dose (Isenschmid et al, 1992) and can remain elevated and relatively stable 1-6 h after a single i.v. dose of cocaine (Cone, 1995) . Taken together, these findings suggest that in addition to cocaine levels, cocaine metabolite levels may need to be measured to adequately determine whether cocaine administration produces any pharmacokinetic changes across the menstrual cycle.
Effects of Cocaine on LH
In the present study, cocaine did not produce consistent increases in LH, rather the effects of cocaine on LH plasma levels depended on the dose of cocaine and menstrual cycle phase. Further, following the highest dose of cocaine, LH levels increased during both the menstrual and follicular phases, but decreased during the periovulatory and luteal phases. Moreover, the greatest decreases in LH plasma levels relative to baseline occurred during the periovulatory phase after all cocaine doses, and this decrease was greatest following the highest cocaine dose. Previous studies conducted in laboratory animals and humans have typically shown that LH plasma levels increase following cocaine administration (see for a comprehensive review). However, not all studies have consistently reported increases in LH following cocaine and in some cases it has depended on the dose or the menstrual cycle phase. For instance, acute doses of 0.4 and 0.8 mg/kg i.v. cocaine increased LH levels during the early follicular phase in female monkeys (Mello et al, 1990b) , whereas only an acute dose of 0.8 mg/kg cocaine increased LH levels in the midluteal phase of female monkeys and in male monkeys (Mello et al, 1993) . In ovariectomized female monkeys, 0.4 and 0.8 mg/kg i.v. cocaine failed to alter LH levels (Mello et al, 1995) . In another study using ovariectomized monkeys, large acute doses of cocaine (2-4 mg/kg, i.v.) decreased LH levels, but this was not observed until 2-8 h after cocaine administration (Canez et al, 1992) . Dose-related changes in LH have also been observed in rodents following acute doses of cocaine, with low doses increasing LH and high doses decreasing LH (Dada and Horacek, 1991; King et al, 2001; Steger et al, 1981) . In humans (Mendelson et al, 2001) , 0.4 mg/kg i.v. cocaine, but not a lower dose (0.2 mg/kg), increased LH levels in both follicular and luteal phase women. It is unclear whether higher doses of cocaine in humans would decrease LH levels.
One possible explanation for the lack of consistent increases in LH levels observed in the present study is that blood samples were drawn in monkeys while restrained in a chair. Chair restraint alone has been shown to decrease LH levels, particularly during the follicular phase (Norman et al, 1994) . However, those animals were not trained to enter a chair while awake and did not have routine acclimation to chair restraint, as in the present study. Rather, transfer to the chair was accomplished by brief anesthesia with ketamine and animals were restrained for a period of 6 h. But other studies have used a chair-restraint system that also anesthetized monkeys, and they have been able to show cocaine-induced increases in LH (Mello et al, 1990b (Mello et al, , 1993 . Stress has been shown to result in inadequate luteal function (Xiao et al, 2002) and the repeated chair restraint in the present study may have resulted in overall lower levels of LH and progesterone levels, even though the monkeys remained ovulatory. This still does not explain the discrepancies between the present study and those by Mello et al (1990b Mello et al ( , 1993 . They showed increases in LH during the follicular phase following relatively moderate doses (0.4 mg/ kg) of cocaine, similar to the 0.5 mg/kg dose tested in the present study in which we did not show increases in LH. They also showed increases following 0.8 mg/kg cocaine, whereas the present study showed increases or decreases following 1.00 mg/kg cocaine (depending on the menstrual cycle phase). LH is released in a pulsatile manner (Hotchkiss and Knobil, 1994) , but in the present study bolus samples were collected, whereas Mello et al (1990b Mello et al ( , 1993 used an integrated plasma collection procedure to better capture the pulsatile release. Other factors contributing to the reduced ability of cocaine to increase LH, particularly during the luteal phase, is that LH pulse frequency is dramatically reduced during the luteal phase (Soules et al, 1984) and there is some evidence that progesterone may be responsible for this reduction in LH pulse frequency (Goodman et al, 1981; Soules et al, 1984) . Lastly, during the luteal phase, endogenous opioids also play a role in inhibiting LH secretion (Ferin, 1987; Van Vugt et al, 1984; Yen et al, 1985) . Taken together, these studies suggest that the acute effects of cocaine on the stimulation of LH appear to be dependent on both cocaine dose and the phase of the menstrual cycle.
Limitations
One limitation of this study was the small number of animals tested. Another limitation was that other ovarian and pituitary hormones were not measured after cocaine administration (eg estradiol, progesterone, cortisol, prolactin) and samples were not collected more frequently, or beyond 90 min. Unfortunately, given that monkeys were tested 2-3 times each month, we were restricted by the amount of blood that could be safely drawn at that frequency. The inability to take blood samples more often and for a longer period of time limits the conclusions that can be made, particularly regarding the cocaine metabolite levels and LH levels. In addition, given that monkeys were chair restrained during sessions, it would have been informative to measure cortisol levels since stress can attenuate LH levels (Norman et al, 1994; Xiao et al, 2002) . Lastly, the present study only administered cocaine acutely, unlike some recent studies in rodents (Quiñones-Jenab et al, 1999 , monkeys and humans (Evans et al, 2002) , in which repeated doses of cocaine were tested.
Implications
The results of the present study, which tested a range of cocaine doses at four distinct phases of the menstrual cycle in monkeys, suggest that there are minimal cocaine pharmacokinetic differences across the menstrual cycle. Cocaine metabolite levels did vary across the menstrual cycle. While these findings are intriguing, they need to be interpreted cautiously due to the variability, small sample size, and absence of comparison data in the literature. Given that cocaine abusers do not typically administer a single dose of cocaine and since the metabolites of cocaine, particularly BZE, continue to rise for several hours after a single dose, it is premature to conclude that there are no pharmacokinetic differences across the menstrual cycle. In the present study some of the more interesting effects occurred during the periovulatory phase, a phase that is routinely ignored in the literature. This is understandable since this phase is difficult to determine given its short duration. However, this is the phase where the most dramatic hormonal fluctuations are occurring. In fact, it is during this phase that the greatest changes in food intake (ie a decrease) are observed in female monkeys (Rosenblatt et al, 1980) . Clearly, there are sex differences in response to the behavioral effects of cocaine and a growing body of evidence suggests that fluctuations in gonadal hormones accounts for some of these differences. Therefore, confirmation of the present findings is warranted, preferably using repeated doses of cocaine. The minimally invasive techniques employed in this study, taken together with the fact that the female monkey menstrual cycle is so similar to that of the female human, provide an ideal model for assessing the pharmacokinetic and pharmacodynamic response to cocaine.
